Introduction
Response to warfarin is highly variable within and across populations [1] . Both genetic and environmental variables such as diet and physical activity affect response to warfarin [2] [3] [4] . Although algorithms that incorporate genetic and environmental variables have been developed for clinical use in predicting response, a substantial amount of variation in warfarin response still remains unexplained [2, 4] . Warfarin acts by inhibiting vitamin K epoxide reductase (VKORC1) , thereby inhibiting the vitamin K-dependent activation of coagulation factors (II, VII, IX and X). As vitamin K is fat-soluble, its amount and availability in tissues may vary according to body fat [5] . We hypothesized that obese individuals may have higher amounts of vitamin K in tissues and therefore require higher warfarin maintenance (WM) doses after adjusting for known determinants of warfarin response. Indeed, in patients treated with phenprocoumon, a coumarin derivative which inhibits vitamin K reductase, thereby blocking vitamin K-dependent coagulation factors, the dose and time required to attain a desirable international normalized ratio (INR) is directly correlated with body mass index (BMI) in a dose-dependent manner [6] . Whether BMI modifies the relationship between vitamin K and warfarin response is not known.
As BMI [7] is strongly correlated with objective measures of fatness, e.g. dual energy X-ray absorptiometry (correlation coefficient range 0.55-0.96), BMI is a good proxy for body fat content. We investigated whether the relation between vitamin K intake and response to warfarin is modified by body fat at initiation of warfarin therapy. We also investigated whether inclusion of vitamin K intake in models improves the variance explained by established predictors of warfarin response.
Methods

Study Population
The Pharmacogenetic Optimization of Anticoagulation Therapy (POAT) and the Genetic and Environmental Determinants of Warfarin are ongoing prospective studies aimed at defining the influence of genetic polymorphisms on warfarin response [8] . Patients ≥ 20 years of age were considered eligible if the intended duration of anticoagulation therapy was ≥ 2 years. Therapy was managed at the anticoagulation clinic and the target INR range was 2-3. The study was approved by the institutional review boards of the University of Alabama at Birmingham and the Jefferson County Health System. Participants gave written informed consent.
Data Collection
Detailed information including race, age, height, weight, indication for therapy, comorbid conditions and medications was collected as detailed elsewhere [8] . Factors influencing warfarin response, including warfarin loading dose, INR, concurrent medications and intake of alcohol and vitamin K were documented. Concurrent therapy with nonsteroidal anti-inflammatory drugs, antiplatelet agents or drugs that alter warfarin pharmacokinetics including cytochrome P450 2C9 (CYP2C9) inhibitors (e.g. amiodarone), CYP2C9 inducers (e.g. rifampin) or CYP2C9 substrates (e.g. losartan) were documented. In addition, we genotyped for variants in genes associated with warfarin dose [9] , namely: VKORC1 [-1639G>A (rs9923231)], CYP2C9 [ * 2 (rs1799853), * 3 (rs1057910), * 5 (rs28371686), * 6 (rs9332131), and * 11 (rs28371685)] and CYP4F2 (rs2108622).
Assessment of Vitamin K Intake
Intake of vitamin K and other nutrients was estimated from three 24-hour dietary recalls (DR) using Nutrition Data System for Research (NDSR) ® software [10] . We had previously showed that vitamin K intake assessed from DR was similar to that measured from the food frequency questionnaire [11] . Estimates of vitamin K intake from DR have been used in other studies and show positive correlation with warfarin dose required to attain INR [12] . Available DR were averaged to obtain a stable measure of vitamin K intake.
Out of 1,044 patients considered for inclusion in the current analysis, 578 were recruited as part of the POAT cohort which was established as part of a career-development award [8] . The funds in the POAT study were not sufficient to support a dietician for the assessment of vitamin K using 24-hour DR (NDSR). The cohort (n = 466) recruited through the GEDWR project provided the funds for the assessment of dietary vitamin K intake. At the time of the analyses for this study, 209 patients had completed the baseline dietary recalls.
Statistical Analyses
Warfarin loading dose was calculated as the total amount of warfarin a patient received divided by the total number of days taken before attaining target INR. Of the 209 patients, 11 were excluded for missing data on WM dose, VKORC1 or CYP2C9 genotypes and 23 for missing data on physical activity leaving 175 patients. In order to adjust for race in the models, the only patient of Asian descent was excluded from further analyses, leaving 108 white and 66 black patients. Two more patients with vitamin K intakes (1,476 and 1,513 μg/day) >4 standard deviations above the mean were also excluded.
Vitamin K intake was adjusted for total energy intake using standard regression approaches [11, 13] . The dependent variable, average WM dose, was square root-transformed to attain normality. Using ANOVA (SAS software version 9.2, Cary, N.C.), we tested whether vitamin K intake is associated with WM dose and whether this association is modified by BMI independent of VKORC1 , CYP2C9 , age, gender, physical activity and total energy intake. Additional analyses were performed adding variables such as race, education, income, CYP4F2 genotypes, alcohol use, smoking and warfarin loading dose, but none of these variables was significant in any of the models. In these analyses, both the main effects and interaction terms for energy-adjusted vitamin K and BMI were included.
To further investigate the effect of the interaction between BMI and vitamin K intake on warfarin response, we divided the study population into obese and nonobese individuals based on the standard definition for obesity, i.e. BMI ≥ 30 kg/m 2 . The relation between vitamin K and WM dose was then examined after stratifying by obesity status.
Next we tested whether adding vitamin K to the model that includes standard predictors of WM dose improves the variance explained by the model. We used linear regression with square roottransformed WM dose as the dependent variable and energy-adjusted vitamin K, total energy intake, age, gender, BMI, physical activity, VKORC1 and CYP2C9 genotypes as covariates. In this analysis, males were coded as 1 and females as 0, VKORC1 genotypes were coded as 1 for 'CT' and 'TT' and as 0 for 'CC', while CYP2C9 was coded as 1 for the '11' genotype and 0 for all other genotypes ('12', '13', '22', '23', '33' and '111').
Results are reported as beta (± standard error), standardized beta coefficients and adjusted r 2 . Variables in the model were considered significant at p ≤ 0.05.
Results
Of the 172 patients in the sample, 52% were female, 62% were white, 50% smoked cigarettes, 16% consumed alcohol, 63% had a college education or higher and 41% earned ≥ USD 50,000. Two percent of the patients were underweight (BMI <18.5), 24% were of normal weight (BMI 18.5-24.9), 33% were overweight (BMI 25-29.9) and 43% were obese (BMI ≥ 30 kg/m 2 ). BMI ranged from 16.3 to 58.6.
The median (25th, 75th percentile) vitamin K intake was 73.6 μg/day (45.9, 168.0) and ranged from 11.7 to 714.7 Kabagambe 216 μg/day. The mean warfarin loading dose was 6.3 ± 2.9 mg and ranged from 2.0 to 30.0 mg, while the average maintenance dose was 5.6 ± 2.4 mg and ranged from 0.92 to 15.6 mg. The average warfarin loading dose weakly correlated with the average maintenance dose in the study population as a whole (Spearman r = 0.38, p < 0.0001).
The characteristics of the study population by quartiles of WM dose are shown in table 1 . Age, race, warfarin loading dose, VKORC1 , CYP2C9 and CYP4F2 were all significantly associated (p < 0.05) with WM dose in univariate analyses. Patients who required a higher maintenance dose tended to be younger, received a higher initial warfarin loading dose and were more likely to be black. Surprisingly, BMI, smoking, income, education and current alcohol use were not significantly associated (p > 0.05) with WM dose ( table 1 ) . Although the association between BMI and the quartiles of WM dose was not statistically significant, there was a tendency for the maintenance dose to increase with increasing BMI. For instance, the mean BMI for the 1st, 2nd, 3rd and 4th quartiles of the WM dose was 29.1 ± 8.5, 30.1 ± 7.8, 30.6 ± 6.4 and 32.1 ± 8.7, respectively (p > 0.05) ( table 1 ). The Spearman correlation between BMI and average warfarin loading dose was weak (r = 0.28, p = 0.0003) but larger than the correlation between BMI and WM dose (r = 0.19, p = 0.01). Table 2 shows the relation between vitamin K intake and WM dose after adjustment for covariates. BMI was significantly associated (p = 0.001), while vitamin K was marginally positively associated (p = 0.06) with WM dose. There was no significant interaction between BMI and vitamin K (p > 0.05) before and after adjustment for covariates. Inclusion of vitamin K in the model improved the variance explained by 1.1% ( table 2 ) .
To further explore the potential interaction of vitamin K and BMI, we performed analyses stratified by obesity status and with WM dose as the dependent variable. There was no evidence for interaction in either group (p > 0.05).
Discussion
Contrary to our hypothesis, we did not observe a significant interaction between vitamin K intake and BMI with regard to WM dose. In accordance with the literature [3, 14] , we confirmed statistically significant associations between WM dose and age, BMI, physical activity and VKORC1 and CYP2C9 genotypes. Unlike other studies that reported a small but significant association between CYP4F2 and warfarin dose [9] , we only observed a weak association in univariate analysis, but not in analy- ses adjusted for CYP2C9 . Furthermore, inclusion of vitamin K in a model with established predictors of warfarin response only slightly improved the variance explained by covariates (1.1% improvement in model-adjusted r 2 ). The association between vitamin K and WM dose observed in our study was only marginal (p = 0.06) and is consistent with findings from a study by Aquilante et al. [15] , who reported a weak association (p = 0.05) among 350 patients. The relatively low mean intake of vitamin K (127 ± 129 μg/day) in our study compared to others (approx. 250 μg/day) [12] could in part explain the weak association that we observed.
Our findings are consistent with those of others in which vitamin K intake from the diet or on prescription has been associated with higher WM doses [3] , though the overall contribution of vitamin K is generally small. For instance, in a study that examined genetic factors, diet, physical activity and body weight using multivariate data-reduction techniques, genetic factors explained 52% of the variance in the WM dose, while diet, physical activity and body weight only explained 8% [4] . Although there was a suggestion for a nonlinear relationship between vitamin K intake and WM dose in univariate analyses, further analyses with vitamin K as a polynomial term did not reveal evidence for a nonlinear relationship.
Our study had limitations. First, vitamin K assessed from DR is subject to measurement error. Vitamin K in plasma is not very stable and is thus also subject to measurement error. We averaged multiple DR, an approach which we believe improved our estimate of vitamin K intake. Secondly, only 172 patients had complete data on major determinants of warfarin response (e.g. VKORC1 and CYP2C9 ). This precluded analyses stratified by more BMI categories so as to better understand the effect of body fat on the relation between vitamin K and warfarin response.
This study had a number of strengths including availability of data on genetic polymorphisms known to affect warfarin response, e.g. VKORC1 , CYP2C9 and CYP4F2 . Our analyses adjusted for polymorphisms in these genes and further extended the investigation to the potential contribution of the interaction between BMI and vitamin K in explaining variance in warfarin response seeing as genetic polymorphisms only partially explain the variance in the response to warfarin [2] .
Conclusions
We found no interaction between BMI and vitamin K intake with regard to warfarin response. Vitamin K intake was marginally associated with warfarin response and adding it to the model with standard predictors such as VKORC1 and CYP2C9 genotypes only slightly increased the variance in warfarin response that was explained by the model (change in r 2 = 1.1%). This small improvement in variance explained is consistent with the marginal improvement reported for overall diet.
